Abstract We experimentally and numerically characterize multiple filamentation of laser pulses with incident intensities of a few TW/cm 2 . Propagating 100 TW laser pulses over 42 m in air, we observe a new propagation regime where the filament density saturates. As also evidenced by numerical simulations in the same intensity range, the total number of filaments is governed by geometric constraints and mutual interactions among filaments rather than by the available power in the beam.
Introduction
The propagation of ultrashort intense laser pulses in air or other transparent media is characterized by filamentation [1] [2] [3] [4] [5] , a self-sustained propagation regime where a dynamical balance is established between Kerr-lens self-focusing and defocussing by further nonlinear processes like interaction with plasma generated at the nonlinear focus or other higher-order saturation effects [6] . Filamentation is now well characterized from the milli-Joule to the sub-Joule levels, corresponding to powers from the GW up to the TW for pulse durations in the fs range. Recently, we demonstrated that filamentation still occurs at the multi-J level [7] , displaying similar physics as at lower energies. However, this experiment was conducted with relatively long pulses between 520 fs and 65 ps. Moreover, the beam was emitted vertically, so that filaments were observed indirectly by imaging or LIDAR (Light Detection and Ranging) from the ground. Therefore, a direct comparison of multi-TW pulse dynamics with the experimentally reported results at much lower powers and shorter pulse durations (30-200 fs) was not straightforward.
A prominent property classically attributed to filamentation is the linear dependency of the filament number with the input power. As early as 1973, Campillo et al. [8] theoretically predicted from the cubic Schrödinger equation that self-focusing cells should each contain a number of critical powers, P cr , depending on their shape, with a minimum of 6.7P cr in the case of square cells. In the context of selfchanneling of femtosecond filaments, several experimental data collected from different laser systems confirmed a linear dependence of the filament number with power, with one filament per ∼5P cr (P cr ≈ 4 GW in air at 800 nm). Such value was observed close to the filamentation threshold [9] [10] [11] , in the multiple-filamentation regime of TW-class lasers [12] , as well as in the case of multi-TW, multi-Joule experiments (26 J, 32 TW) [7] .
In this work, we investigate the horizontal propagation of a 3 J, 100 TW (30 fs) laser pulse over 42 m in air. We char-acterize the density of the high-intensity filaments, which substantially deviates from the above-recalled linear dependency. This deviation results from the saturation of the filament number per unit surface of the transverse beam profile, based on the typical cross-section of the photon bath surrounding the filament cores along their self-guiding. Dimensions of this cross-section put an upper limit on the local filament density, which becomes almost independent of the input power along the self-guiding range. While our finding challenges the previously established linearity rule, it provides new evidence that both the filament occupation constraints inside photon baths and their mutual interaction are key ingredients of the multifilamentation dynamics. Threedimensional numerical simulations confirm these features by reproducing the major experimental patterns at comparable incident intensities over smaller beam scales.
Material and methods
Experiments were performed using the Ti:Sa chirped pulse amplification chain at Forschungszentrum Dresden-Rossendorf. The laser provided up to 3 J, 100 TW pulses of 30 fs duration, at a repetition rate of 10 Hz and central wavelength of 800 nm. The pulse energy was adjusted by rotating a half-waveplate associated with a polarizer before the grating compressor. The beam was transported in a vacuum tube to the experimental hall, where it was launched, collimated (i.e. as a parallel beam) with a diameter of ∼10 cm, through a 6 mm thick fused silica window, into 42 m of free propagation in air. The dispersion in the window was precompensated by adequately adjusting the grating compressor of the laser system.
The multiple filamentation of the beam was characterized by both single-shot burns on photosensitive paper (Kodak Linagraph 1895, see Fig. 1 ), and single-shot still photographs on an optically neutral screen, recorded by a CCD camera equipped with density filters. Each filament in the beam profile was then individually identified on the images or burns, as a bright or a black spot, respectively, and located by its transverse coordinates relative to the centre of the beam. The same process, performed on either of the red, green or blue layers of the CCD camera or the burn images, yielded consistent filament numbers, with typically 10% deviations. Based on this filament identification, we computed the local filament density at any location across the laser beam.
Densitometry measurements on the red layer of the CCD camera images provided fluence profiles of the beam, which were calibrated by integrating this profile over the transverse plane at the considered propagation distance z and normalizing through the input pulse energy, neglecting the losses along propagation. This method mainly focuses on the photon bath and discards the most intense part of the filaments, which occupy a small fraction of the profile and whose fluence is truncated by the dynamics of the detector. The fluence profile is converted into intensity by dividing all flu- Fig. 1 Beam profiles on burn paper of multi-TW, 30 fs pulses propagating in air, as a function of the incident power and propagation distance. Most filaments appear on lines along which filaments are spaced by a few mm
